This paper focuses on the evaluation standards of factor of safety for foundation stability analysis. The problem of foundation stability is analyzed via the methods of risk analysis of engineering structures and reliability-based design, and the factor of safety for foundation stability is determined by using bearing capacity safety-factor method (BSFM) and strength safety-factor method (SSFM). Based on a typical example, the admissible factors of safety were calibrated with a target reliability index specified in relevant standards. Two safety criteria and their standards of bearing capacity of foundation for these two methods (BSFM and SSFM) were established. The universality of the safety criteria and their standards for foundation reliability was verified based on the concept of the ratio of safety margin (RSM).
Introduction
The stability of foundation is an important factor for foundation design [1, 2] . In fact, foundation stability is normally evaluated and analyzed via the factor of safety of bearing capacity. Several influence factors for the problem of foundation stability analysis are studied by many researchers [3] [4] [5] [6] . The factor of safety for a foundation can be defined as the ratio between the ultimate bearing capacity and the actual load on the foundation soil. This method relies on the engineering experience and cannot reflect the failure process of the foundation soil mass [7] . However, the strength and safety margin of slopes can be reflected by the calculation method of factor of safety in slope stability analysis and it also has the physical significance. The calculation method and the standard of factor of safety are two important issues for the problems of slope stability analysis and foundation design. Therefore, the standards for factor of safety are the key issue for the foundation and slope stability analysis. These problems can be analyzed via the method of risk analysis for engineering structures and the method of reliabilitybased design. The problem of uncertain slope stability analysis was the first application of reliability-based method in geotechnical engineering [7] . Afterwards, the method of reliability-based analysis was used to analyze the problem of foundation bearing capacity. For example, based on the limit analysis and reliability-based analysis method, Massih analyzed the bearing capacity of strip footings by combining the foundation bearing capacity [8] . Moreover, the method of reliability-based analysis can be combined with numerical method to calculate and analyze the problem of slope stability and foundation bearing capacity. For example, the bearing capacity of a strip footing on undrained clay/weightless soil is analyzed by Griffiths et al. using the reliability-based method and finite-element analysis [9, 10] . The sensitivity of factor of safety for foundation problem is analyzed by Griffiths using strength reduction method and load increase method [11, 12] . In this study, the admissible range of foundation reliability indexes is investigated through a typical example, and the evaluation standards of the factor of safety are established 2 Mathematical Problems in Engineering via the bearing capacity safety-factor method (BSFM) and strength safety-factor method (SSFM). The concept of a "ratio of safety margin (RSM)" is used to verify the universality of these standardized values, and the feasibility of RSM was evaluated based on an engineering case study.
Foundation Bearing Capacity Analysis

Factor of Safety Method for Foundation Bearing Capacity
Analysis. The factor of safety for the problem of foundation stability analysis can be determined via the conventional methods (e.g., limit equilibrium method) and strength reduction method.
Factor of Safety Criteria Based on BSFM.
In conventional factor of safety methods, the factor of safety can be defined as the ratio of the ultimate load to the actual load; that is,
where is the factor of safety, is the actual load on the foundation, and is the ultimate bearing capacity of the foundation. The value of is calculated by using the formula for the bearing capacity of foundation proposed by Terzaghi [13] :
where , , 1 , and 2 are the cohesion, internal friction angle, soil unit weight of footing embedment, and unit weight of the soil beneath the footing, respectively; and , , and are the foundation bearing capacity factors.
Meyerhof proposed the formulas of three bearing capacity factors ( , , and ) for rigid rough and strip footings [14] . The formulas for bearing capacity factor developed by Meyerhof and Hansen are also widely used [15] [16] [17] . The formulas proposed by Terzaghi, Meyerhof, and Hansen are semiempirical expressions, but the bearing capacity formula of Vesić is more brief and efficient. Thus, Vesić's bearing capacity formula is used to calculate the factor of safety of foundation.
Factor of Safety Criteria Based on SSFM.
Foundation can be considered as a slope with zero gradient, and the factor of safety can be calculated using the method of slope stability analysis. Based on this assumption, the corresponding strength indexes are reduced by the reciprocal of as follows:
Equations (6) are substituted in (2) to yield
where the subscript represents the corresponding strength index after reduction. These two methods (BSFM and SSFM) have different factor of safety definitions, and both of them are used in the deterministic analysis method for factor of safety calculation. The sliding stability analysis of a foundation also can be performed via the uncertain analysis method with the reliability index. Thus, the reliability index of the factor of safety for foundations will be used to analyze the problem of foundation stability in this study.
Reliability Analysis of Bearing Capacity of Foundation.
Based on the limit equilibrium method, the equation for the limit state can be defined as follows
where is a group of independent random variables; in this paper, they are the strength parameters and . The calculation formula of the reliability index is as follows:
where and are the mean value and the standard deviation of the factor of safety. The relationship between the factor of safety and reliability index is described by (9) , which has been widely used in relevant standards [18, 19] . The reliability index is calculated by the first-order secondmoment method, and a standard dimensionless variable is introduced:
The reliability index and design points in a plane coordinate space are shown in Figure 1 . The origin point represents the mean value, which is also the most possible value of the random variable. Point represents the most possible point in a failure state, that is, a design point in the standard space. The length of represents the reliability index , and the physical significance of is the shortest path that a random variable will travel from the most possible value to the failure surface.
The function can be expanded into a Taylor series at point . Only constant terms and linear terms are reserved 
The unified design standard for hydraulic engineering in China [20] specifies admissible reliability indexes in hydraulic engineering structures with various safety grades, as shown in Table 1 . In this table, type I is a nonsudden failure, and type II is a sudden failure that shows no clear signal before failure but is virtually impossible to remediate or repair afterwards. The failure of a hydraulic engineering structure can be treated as type II failure.
In hydraulic engineering, the consequence of a foundation failure is less serious than that of the significant facilities such as dams. Therefore, the admissible reliability index is set to 3.7. An important task in reliability analysis is to determine the variation coefficients for the strength indexes. Table 2 lists the variation coefficients of the cohesion and internal friction angle . In this study, an example for calculations and analyses is shown in Figure 2 . The basic foundation parameters are as follows: the foundation width is 10 m, the burial depth is 1.5 m, the unit weight 1 is 9 kN/m 3 , and the soil unit weight 2 is 19 kN/m 3 . The average soil cohesion is 20 kPa, is 0.46, and the actual load is 600 kN/m 2 . The strength coefficients are set to design values, which are normally 0.2 quantile design values [19] . The strength parameters are calculated by (12) , when the deterministic factor of safety of the foundation is calculated.
where represents the soil strength index (cohesion and internal friction angle ); the subscript represents the standard value of each strength index; and and are the average and standard deviation of , respectively.
Based on the two different definitions of factor of safety represented by (1) and (7), the reliability was analyzed, and the factor of safety was calculated by using the first-order second-moment method. The results are presented in Table 3 . The values of factor of safety calculated by the two methods (BSFM and SSFM) with different definitions of the factor of safety are significantly different. However, the reliability indexes are very similar, because the two definitions involve the use of the same limit state equation.
Comparison of Foundation Safety Criteria
The standards for factor of safety of foundations and slopes have slight differences between different countries. Tables 4  and 5 summarize some of these standards.
The comparison of factor of safety for foundation and slope in different countries listed in Tables 4 and 5 indicates that the factor of safety for BSFM which is equal to 2.3 is close to the admissible factor of safety in foundation standards used in China and the United States [21] . In addition, compared with the failure of slopes, the foundation failure has more severe consequences, and it is more reasonable to set the admissible factor of safety to the upper value in Table 5 . Therefore, the factor of safety for SSFM and slope stability analyses which is equal to 1.35 is close to the admissible values in standards used in China and abroad. [19, [22] [23] [24] [25] [26] . Note. The subscript denotes the parameters after strength reduction of the safety factor (corresponding to SSFM). 
Universality Verification
Basic Principles.
In the example (target reliability index of 3.7) shown in Figure 2 , the values of factor of safety (2.3 and 1.35) which are calculated by BSFM and SSFM, respectively, are defined as the admissible value of the factor of safety for a foundation. If the input parameters in this specific example are changed slightly, that is, the foundation width varies between 8 and 12 m, then the corresponding value of and the factor of safety also can be calculated via the BSFM and SSFM (shown in Table 3 ).
The calculated reliability index cannot be 3.7, and the factor of safety calculated by using BSFM and SSFM cannot be 2.3 and 1.35, if the foundation width is not equal to 10 m. Then, the question is whether the factor of safety and reliability indexes corresponding to different foundation widths reflect the same level of risk control. Chen et al. [27] [28] [29] studied the criteria for analyzing the resistance to sliding of a rockfill dam and a gravity dam. Chen et al. proposed the concept of a RSM and described the relationship between the factor of safety and reliability index. For a factor of safety , the corresponding RSM is given by the following equation:
The reliability analysis requires that the values of be greater than the admissible value : Figure 3 : Definition of the equivalent ratio of safety margin obtained using the reliability method.
The area of the shaded region ( Figure 3 ) is lower than the admissible value. The structural failure probability corresponds to and is not appropriate for formula = / , because the relationship of with 1 − Φ( ) has physical significance.
If all safety factors subtract a value Δ , then a new sample of safety factors = − Δ is produced which means the Ordinate moved a Δ of distance to the right. If the value of Δ is assigned like this, it means that the shadow area on the left side of -axis will exactly equal 1 − Φ( ) in the new coordinate system. In the new sample of safety factors, the mean value is − Δ , and the standard deviation does not change. So, the reliability index should be
where = .
When the structure is in critical state, (17) can be obtained by deterministic and reliability analysis.
Substituting (16) and (17) into (18) gives
Comparing the two equations, in (19) , the RSM in reliability analysis is defined as follows:
Admissible factor of safety for the slope stability of a rockfill dam and resistance to sliding of a gravity dam have been verified by Chen et al. [27] [28] [29] . The results indicate that, under different target operation conditions and methods, the admissible value of factor of safety is quite different, but the RSM always follows ≈ . The RSM and calculated based on various foundation widths are listed in Table 6 , and corresponding linear regressions are shown in Figure 4 , and the criteria of ≈ are satisfied. reliability of SSFM is correlated and comparable. However, the correlations of RSM for BSFM are not sufficiently good, especially for the cases of soil unit weight and soil cohesion. The causes of this phenomenon will be investigated in the immediate future.
Case Study
A foundation from a project has been taken as the engineering case to investigate the feasibility of admissible criteria of the factors of safety [2] . The parameters and dimensions of the footing are shown in Figure 6 . The unit weight of silty clay 1 is 18 kN/m 3 , the unit weight of clay 2 is 19.8 kN/m 3 , the cohesion is 15 kPa, and the internal friction angle is 25
∘ . The value of factor of safety for this foundation yield by BSFM (using (1)) follows = 4.42. The foundation will satisfy the stability requirement, if the admissible stability factor of safety is 2.3 (defined in Section 3), and the RSM is 1.92. The value of factor of safety for this foundation yield by SSFM (using (7)) follows = 2.55. The foundation will satisfy the stability requirement, if the admissible stability factor of safety is 1.35 (defined in Section 3), and the RSM is 1.89. The values of standard deviation of the safety factor = 0.26 and the reliability index = 7.22 are both yielded by RSM (using (19) ). If the admissible reliability index is 3.7 (defined in Section 2), the RSM will be 1.90.
Conclusions
In this study, the admissible factor of safety was calibrated based primarily on a target reliability index specified in relevant standards. The following conclusions were developed.
(1) Two safety criteria and their standards of bearing capacity of foundation for two methods (BSFM and SSFM) were established. The corresponding factors of safety yield by BSFM and SSFM are 2.3 and 1.35, respectively, if the target reliability index is 3.7 and the variation coefficients for the soil cohesion and internal friction angle are 0.2 and 0.1. The factor of safety of 2.3 satisfies the admissible factor of safety requirement which is stated in the Code of Design of Building Foundation in China, and the factor of safety of 1.35 slightly exceeded the admissible factor of safety of 1.3 for conventional slopes.
(2) A typical example with different foundation width, strength index, and load was analyzed for discussing the universality of the safety criteria and their standards. The universality of the safety criteria and their standards for foundation reliability was verified using RSM, and the results show that is equivalent to under all conditions. Thus, these calibrations have practical value in engineering application.
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